Purpose: To analyze the effectiveness and stability of the refractive, topographic and visual outcomes of the standard cross-linking (SCXL) in keratoconus (KC) management. Patients and methods: This study was designed as a retrospective non-comparative study that included 28 KC patients (n=49 eyes) who performed SCXL as a single procedure to treat KC and completed five-year follow-up period. The topographic, refractive and visual data were recorded preoperatively and at 12, 24, 36 and 60 months postoperatively. showed KC progression at the end of 5th follow-up year. Conclusion: SCXL had good effectiveness and stability that halted KC progression over 5-year follow-up period. It had also unexpected improvement in the KC refractive components mainly the spherical and SE components.
Introduction
Corneal collagen structural weakness and biomechanical instability are the main causes that lead to progressive stromal thinning and cone formation in keratoconus with subsequent progressive visual impairment. 1 The definite KC etiology and pathogenesis have not been strictly determined or fully understood. Many genetic, hormonal and mechanical factors have been proposed as possible causes of KC development and progression. 2 A significant correlation between KC progression with hormonal changes, as in pregnancy, lactation and thyroid eye disease, 3, 4 was elucidated in the literature. 5 Vernal keratoconjunctivitis (VKC), chronic eye rubbing, dry eye disease and limbal stem cell inefficacy have been reported as aggressive factors that both promote KC progression and treatment failure especially in pediatric patients. 6, 7 Standard crosslinking (SCXL) was first introduced in 2003 by Wollensak and associates, also known as Dresden Protocol, and drastically changed the future of KC management. 5 SCXL mainly halts KC progression, helps corneal flattening and sometimes associated with unexpected improvement in the refractive status of the ectatic eye. 8 In comparison with other CXL protocols, SCXL has greater improvements in KC indices. 9 Despite the superiority of SCXL in comparison with transepithelial CXL in halting KC progression, 10 ,11 the combination procedures; sometimes called cross-linking plus (CXL Plus); 12, 13 have become popular procedures that include combination of CXL with a refractive procedure such as wavefront-guided photorefractive keratectomy (WFG PRK), 14 refractive lens surgery (RLS) 15 and intracorneal ring segments (ICRS) to correct the refractive status of the ectatic eyes. 12, 16 Despite several studies have reported postoperative visual and topographic improvements following SCXL, most have addressed relatively short-term results while long-term outcomes have not been frequently outlined. In this study, we reviewed the long-term visual and topographic outcomes of SCXL in patients with progressive KC. We further evaluated the effectiveness, stability, durability and associated complications of SCXL 5 years after the first intervention.
Patients and Methods
The study was designed as a retrospective noncomparative analysis of the patients with previously documented KC progression who underwent SCXL in 2013 and completed 5-year follow-up at the Sohag University Hospital, Sohag, Egypt. Ethics Committee Faculty of Medicine, Sohag University, approved the study and all the tenets of the Declaration of Helsinki were abided. All data were obtained from the patients' medical files including. All patients and/or their parents signed written consents before surgery.
The inclusion criteria included documented preoperative KC progression, grades 1, 2 and 3 (Amsler-Krumeich classification 17 ) regardless of age, the thinnest corneal location >400 µm, SCXL was the only surgical intervention performed and the patients completed 5-year followup. The follow-up corneal topographies were performed using Pentacam HR (Pentacam ® HR, OCULUS Inc., Wetzlar, Germany). This study included only patients who had SCXL, in the year 2013, as a primary sole procedure till the last follow visit in the year 2018. Among 273 eyes performed SCXL in 2013, only 49 eyes fulfilled the inclusion criteria and included in this study. The remaining 224 eyes showed good post-SCXL stability till their last follow-up visit; however, they were excluded from this study because of 2 main reasons. The first reason was that most of these 224 eyes underwent post-CXL additional surgical interference to improve their vision based on their own requirements. These procedures included ICRS, particularly Kera ring, implantation or PRK. Addition of such refractive procedures prevented the inclusion of these eyes as our study evaluated only SCXL as a single and sole treatment procedure but not the combined procedures as CXL-Plus. The second reason was that few cases did not continue the targeted 5-year follow-up period for multiple causes mainly working, travelling, moving to other cities or they were satisfied with their surgery outcomes; so they stopped their routine follow-up visits. These drop-out cases were also excluded from our study. That is why the full data of these 224 eyes were excluded from being outside the scope of our study.
The preoperative and postoperative data (at postoperative 6, 12, 24, 36 and 60 follow-up months) of these 49 eyes were obtained from the patients' medical files for reviewing analysis and comparison. Data collection included uncorrected distance visual acuity (UDVA), corrected visual distance acuity (CDVA), subjective refraction, pachymetry, keratometry (K readings), coma aberrations and Q value.
Surgical Procedure
All eyes were subjected to standard CXL 3.0mW/cm 2 drops (Hyabak, THEA laboratories, Clermont-Ferrand, France) on an hourly basis in the first postoperative day. The installation frequency was five times daily in the first week and tapered gradually. Bandage contact lens was removed after completion of epithelial healing (2-5 postoperative days). All patients were followed-up on a weekly basis in the first month then every 3 months in the first year then annually. Postoperative corneal haze score was graded from 0 to +5 using slit-lamp examination (0= clear cornea; +1= mild haze, +2= moderate haze, +3= severe haze, +4= iris details could not be visualized and +5= anterior chamber details could not be visualized). 18 
Statistical Analysis

Results
This study included 49 eyes of 28 patients with a mean age of 18.46±4.41 (range 11-26 years old). Seventeen patients were males (60.71%) and 11 patients were females (39.29%). Table 1 shows the summary of SCXL preoperative and postoperative visual, topographic and refractive data analysis using RMANOVA test. Figure 1 shows the standard graphs of the visual and refractive outcomes.
Visual Outcomes ( Figure 1A and B)
Both UDVA and CDVA showed statistically significant improvement at postoperative 12 follow-up month compared with the preoperative and postoperative 24, 36 and 60 follow-up months (all P <0.0001). On the other hand, both UDVA and CDVA showed statistically insignificant improvement after the postoperative 24 follow-up month (all P >0.05). However, there was a good stability of the achieved postoperative improvement from postoperative 24 to 60 follow-up months. Moreover, 39 eyes (79.6% of study eyes) showed improvement in postoperative CDVA one or more logMAR lines, 7 eyes (14.3%) showed the same preoperative CDVA while 3 eyes (6.1%) lost 2 or more logMAR lines and finally achieved postoperative CDVA less than the preoperative values. Figure 1A shows cumulative logMAR visual acuity and Figure 1B shows the change in the logMAR of CDVA.
UDVA showed good improvement from preoperative 1.34±0. 29 
Refractive Outcomes (Figures 1C-H and 2B)
Our substantial purpose was to stabilize the already present preoperative refractive status of all eyes by SCXL and to prevent further KC progression. Surprisingly, 40 eyes (81.6%) showed achieved better postoperative SE refraction than the attempted refraction ( Figure 1C Figure 1E and G) and SE showed significant improvement at postoperative 12, 24, 36 and 60 months (all P < 0.001) ( Table 1) . As well as, there was constantly improving in the three components throughout all follow-up periods. Figure 1D and F shows the postoperative refractive accuracy and stability of SE along the 60 months follow-up period. Figure 1E shows the comparison between the preoperative and postoperative 60-month refractive cylinder. Figure 2B shows the relationship between the pathways of the 3 refractive components.
Topographic Outcomes (Figure 2A) There was a statistically significant flattening in the baseline K max, K1 and K2 readings. The mean preoperative mean K max reduced from preoperative 51.95±1.90 Table 1) .
The corneal thickness at the thinnest location (CT) showed progressive significant thinning at each time point compared to the preoperative values (P < 0.001). It revealed thinning by 17.06µm at the postoperative 60 follow-up month. On the other hand, there was an insignificant change in pachymetry between postoperative 24 to 60 months (Table 1) .
Regarding the corneal asphericity (Q value), the post-CXL corneas became less prolate through overall time points of follow-up. Q value was reduced by 0.23 at the postoperative 60 follow-up month (P < 0.001) and achieved better aspheric corneal values (Table 1) . At the same time, there was a statistically significant improvement in total coma aberration coefficient, its mean was changed from 3.08±1.92 preoperatively to 2.69±1.50 at the postoperative 60 follow-up month (P < 0.001).
Complications
Pain and photophobia were reported in all patients. All cases improved once epithelial healing was complete. Delayed Epithelial Healing occurred in 5 eyes (10.2%). All cases were treated with removal of contact lenses, cessation of topical steroid and adding preservative-free eye lubrications as Hyabak and Refresh Plus (carboxy methylcellulose sodium solution 0.5%, Allergan, Inc, Jersey city, USA). Four eyes (8.2%) improved with complete re-epithelialization within the first two postoperative weeks. Only one eye (2%) progressed to persistent epithelial defect (PED).
Corneal haze was reported in 37eyes (75.5%). Grading of haze was +1 in 9 eyes (18.4%), +2 in 19 eyes (38.8%), +3 in 8 eyes (16.3%) and +4 in one eye (2%). Haze was treated with topical Pred Forte, Hyabak, Refresh Plus and Thilotears gel (Alcon Laboratories, Inc, USA). All haze resolved in all eyes within the first 6 postoperative months. All 5 eyes of delayed epithelial healing had also haze that improved in 4 eyes once re-epithelization was complete but unfortunately the 5th eye with +4 corneal haze had progressed to PED that ended in permanent corneal scarring.
KC Progression was documented at the 60 months in 2 eyes (4.1%) of a pediatric patient with a history of VKC. Both eyes were stable and showed a noticeable improvement in K max and SE refraction throughout the first 36 months. KC progression in both eyes was documented (Kmax˃ 1D) at the 60 months follow-up visit. The patient underwent SCXL retreatment after the end of the study. In agreement with our findings, many previously published studies achieved visual improvement after CXL. 35 Raiskup-Wolf et al 22 established a statistically significant improvement in CDVA, K readings, and astigmatic refraction over 2 years. Comparable results were reported by Caporossi et al 20 and Hashemi et al, 21 they found an improvement in BCVA up to 4-year post-CXL. On the other hand, others found different results with almost no change in CDVA after 1 year of SCXL 23 or minimal improvement by one line (0.1 logMAR). 24 Visual improvement after SCXL could be attributed to improvement in the corneal surface regularity, symmetry between the corneal hemispheres and better stability of the precorneal tear film. 25 Furthermore, visual improvement could be due to the neural compensatory adaptation as a long-term outcome in ectatic eyes in which the visual system with time compensates in a trial to abolish the adverse visual effect of higher-order aberrations, thus improving the visual performance in ectatic eyes.
26
However, CDVA is believed as a non-sensitive index of KC progression or improvement. 27 Moreover, the five-year outcomes showed a significant improvement in the mean spherical, cylindrical and SE components. These findings were similar to other published results 25 and against others. 21 Furthermore, Iqbal et al 28 compared SCXL versus CXL Plus (combined ACXL and photorefractive keratectomy). They finally concluded that SXCL had close outcomes to CXL Plus at 24-month follow-up. In line with their results, our study had similar findings regarding SCXL late postoperative improvements in myopic and SE components with almost no significant differences in the astigmatic component. However, in another interesting study, Hafez 29 tested a procedure to induce refractive improvement in the cylinder component by performing meridional CXL on the steepest meridians (RMCXL). He concluded that if we focused SCXL only on the steep meridians without cross-linking other meridians, we could have up to 1 D postoperative astigmatic correction. Our study showed that SCXL for all meridians symmetrically did improve the astigmatic correction. We recorded statistically significant improvement in all k readings which proved the long-term effectiveness and good stability of the SCXL. K max improved by 0.8, 1.31, 1.68 and 1.76 D at 1, 2, 3 and 5 years, respectively. Some studies have reported fewer values in improvement K max years. These remarkable differences in results between different studies could be attributed to various study designs, diverse sample size and different baseline K max.
Regarding the corneal thickness changes at the thinnest location, our outcomes are close to other published results. 11, 19, [31] [32] [33] We recorded a reduction in pachymetry by 17.06 µm at the end of 5 years with an insignificant difference from the last 3 follow-up years values. The mechanism of the corneal thinning following SCXL is not yet fully explained. The mechanism of postoperative thinning might be multifactorial including anatomical and structural changes. 32 Other factors may include changes in the corneal hydration, remodeling of the stromal collagen bundles and even as keratocyte apoptosis. 33 The mean coma aberrations coefficient showed statistically significant reduction along the 5 years follow-up period. This may signify that the corneal surface becomes more regular following SCXL. Many authors documented similar findings.
11,20 Furthermore, our results showed statistically significant improvement in the corneal asphericity (Q value) which is a good quantified indicator of asphericity of the corneal surface and could be considered as a clue of the optical and visual improvement. One of our goals in this study was to outline the longterm drawbacks of CXL. Despite the high success rate of CXL as a durable and efficient visual-preserving and improving procedure, we documented cases of progression. Our results showed that 40 eyes (81.6%) improved and maintained this improvement with good stability following CXL. However, 2 eyes (4%1) showed KC progression and required further surgical interventions at the end of 5 years. Both cases had a history of VKC and eye rubbing. In line with our results, Shetty et al 7 reported 2 pediatric patients with VKC and eye rubbing presented with keratoconus. They also reported high levels of serum immunoglobulin E (IgE) in both children. Many studies reported KC progression following initial SCXL treatment. 34, 35 The failure rates ranged from 0% 12 to 16.5%. 36 While the recorded postoperative period for documentation of KC progression following SCXL varied from early postoperative months 34 to several postoperative years 32, 35 and even reached 10 years in Raiskup et al. 37 Our study recorded 4.1% failure rate at 5 years which is similar to some studies 38 and lower than others. 34, 36 The actual risk factors of KC progression after CXL are still not fully clear. The relationship between KC and VKC with eye rubbing has been previously postulated. 31, 39 Chronic eye rubbing leads to epithelial trauma with the release of metalloproteinase and cytokine enzymes. The subsequent corneal biochemical and biomechanical changes may end in progressive stromal thinning and KC progression. 40 showed the superiority of SCXL protocol over accelerated and transepithelial protocols. Our study showed that the associated postoperative corneal haze was universal in 75.5% of eyes which were also associated with improvements in SE by 0.50 D or more at postoperative 60 months thus proving that the postoperative corneal haze is an early postoperative indicator of successful SCXL. We certainly cannot consider these improvements in the postoperative refractive indices resulting from post-SCXL corneal flattening as a definitive landmark of refractive CXL. This is because these recorded refractive improvements are lawless, timeless, unguaranteed, unpredictable and unexpectable with the possibility of regression in the future. Our study documented the steady positive relationship between the postoperative corneal haze, flattening and thinning. The more the postoperative corneal haze is, the more the corneal flattening and thinning. This relationship might be responsible for the recorded postoperative improvements in the refractive components and might be based on the actual amount and depth of the cross-linked corneal tissues as demonstrated in the early postoperative demarcation line (DL). In other words, if this relationship breaks down, then the refractive improvements regress to baseline and KC may even start to progress again.
Most of our study patients were adults; however, we only documented one child with postoperative KC progression (Kmax>1D), at postoperative 60 months. This case was associated with VKC and the patient underwent a repeat SCXL bilaterally after the end of the study. The authors are not sure whether or not the collagen turnover rate is faster in pediatrics than in adults and if this rate is partially responsible for this progression. In other words, the etiology of KC progression in our case might be multifactorial particularly associated eye rubbing with VKC, rapid collagen turnover rate or even hormonal changes at puberty. This, of course, proved the unstable aggressive progressive nature of the pediatric KC in comparison to adult KC and explains the importance to routinely discuss with the parents, at the time of 1st intervention, the possibility of needing a repeat CXL in the future.
Our study had some limitations, mainly the small number of eyes included in our study. This is because most of our patients; who underwent SCXL 5 or more years ago, had actually undergone additional types of surgeries to improve their vision particularly WFG PRK or ICRS implantation while only a few patients continued to wear spectacles or hard contact lenses after SCXL. This why we included bilateral cases in this study; however, we do acknowledge that this could be a potential source of bias.
The problem of including both eyes of each patient in the study can, of course, result in a classical dilemma and creates the inter-eye dependence obstacle with possible bias in statistical interpretation. Definitely including only one eye from each patient in the study is ideal and undoubtedly more conclusive for accurate statistical outcomes. However, many published studies included both eyes in the same patient and some opinions; including ours, think that they are still two separate eyes through they are from one patient as, for example, Keratoconus stage may be quite different in the two eyes of the same patient. Finally, we do acknowledge that we included both eyes in most patients in our study, which could be a potential source of bias. However, our main excuse was the rarity of the disease so we aimed to boost the number of the study eyes. Being a retrospective study was also another limitation towards increasing the number of the study eyes that fulfilled the inclusion criteria.
In conclusion, SCXL had good effectiveness and stability that halted KC progression along the 5-year follow-up. SCXL had also unexpected improvement in the KC refractive states mainly the spherical and SE components. Chronic eye rubbing and VKC were identified to be important risk factors for KC progression following SCXL. Therefore, such patients need a close follow-up even after a long-term disease stability. However, further prospective clinical studies are needed to validate our results.
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